Objectives: The lubrication of articulating cartilage surfaces in joints occurs through several distinct modes. In the boundary mode of lubrication, load is supported by surface-to-surface contact, a feature that makes this mode particularly important for maintenance of the normally pristine articular surface. A boundary mode of lubrication is indicated by a kinetic friction coefficient being invariant with factors that influence formation of a fluid film, including sliding velocity and axial load. The objectives of this study were to (1) implement and extend an in vitro articular cartilage-on-cartilage lubrication test to elucidate the dependence of the friction properties on sliding velocity, axial load, and time, and establish conditions where a boundary mode of lubrication is dominant, and (2) determine the effects of synovial fluid (SF) on boundary lubrication using this test.
Introduction
Articular cartilage normally serves as the low friction, wear resistant, load bearing tissue at the end of long bones in skeletal joints 1 . The articulation of cartilage against cartilage presents a major biomechanical challenge, with an individual typically taking 1e4 million steps each year 2 . Unfortunately, the pristine structure of the articular cartilage surface often deteriorates with aging and arthritis, becoming increasingly roughened and eroded, with development of pain and dysfunction, and progressing to osteoarthritis 3 . Thus, the extent and modes of the normal lubrication of articulating cartilage surfaces are important to understand.
A number of physicochemical modes of lubrication occur in synovial joints and have been classified as fluid film or boundary 4, 5 . The operative lubrication modes depend on the normal and tangential forces on the articulating tissues, on the relative rate of tangential motion between these surfaces, and on the time history of both loading and motion 6, 7 . The friction coefficient, m, provides a quantitative measure, and is defined as the ratio of tangential friction force to the normal force. One type of fluid-mediated lubrication mode is hydrostatic. At the onset of loading and typically for a prolonged duration, the interstitial fluid within cartilage becomes pressurized, due to the biphasic nature of the tissue; fluid may also be forced into the asperities between articular surfaces through a weeping mechanism 8 . Pressurized interstitial fluid and trapped lubricant pools may therefore contribute significantly to the bearing of normal load with little resistance to shear force, facilitating a very low m 4 . Also, at the onset of loading and/or motion, squeeze film, hydrodynamic, and elastohydrodynamic types of fluid film lubrication occur, with pressurization, motion, and deformation acting to drive viscous lubricant from and/or through the gap between two surfaces in relative motion.
In contrast, in boundary lubrication, load is supported by surface-to-surface contact, and the associated frictional properties are determined by lubricant surface molecules. This mode has been proposed to be important because the apposing cartilage layers make contact over w10% of the total area, and this may be where most of the friction occurs 9 . Furthermore, with increasing loading time and dissipation of hydrostatic pressure, lubricant-coated surfaces bear an increasingly higher portion of the load relative to pressurized fluid, and consequently, m can become increasingly dominated by this mode of lubrication 8, 10 . A boundary mode of lubrication is indicated by values of m during steady sliding being invariant with factors that influence formation of a fluid film, such as relative sliding velocity and axial load 11 . Boundary lubrication, in essence, mitigates stickslip 10 , and is therefore manifest as decreased resistance both to steady motion and the start-up of motion. The latter situation is relevant to load bearing articulating surfaces after prolonged compressive loading (e.g., sitting or standing in vivo) 12 . Typical wear patterns of cartilage surfaces 13 also suggest that boundary lubrication of articular cartilage is critical to the protection and maintenance of the articular surface structure.
A variety of time-dependent in vitro mechanical tests have been developed to assess the effectiveness and modes of articular cartilage lubrication. Since joints are subject to sequential periods of rest and motion, the transition to motion represents one lubrication challenge, and steadystate motion represents an additional lubrication challenge. Analogously, friction coefficients can be measured at startup from a static condition, i.e., m static , or under steady sliding or kinetic conditions, m kinetic , although most tests have focused on the latter (Table I) . m static increases (e.g., from w0.02e0.25) with increasing loading times (5 se45 min) for both cartilageecartilage and cartilageemetal interfaces 6 . m kinetic is low (w0.001e0.05) at early times after loading where fluid pressurization is significant, for normal articulating cartilage surfaces 14e16 . Conversely, when fluid depressurization is allowed after compression of apposed articular surfaces 16 , as well as between cartilage and glass 17, 18 , m kinetic is higher (w0.1e0.6). m kinetic also depends on the rotational velocity with cartilage apposed to and rotated against steel 19 . Cartilage-on-cartilage lubrication tests provide a configuration mimicking certain aspects of naturally articulating surfaces. Lubrication tests of cartilage against artificial surfaces may reproduce some, but not all, of the molecular interactions that are operative in physiological articulation 20 . The m kinetic of cartilage against an artificial surface can vary significantly (e.g., 0.14 for polystyrene 18 vs 0.28 for glass 17 ), suggesting that the surface apposing the articular cartilage is an important determinant of friction. Cartilageon-cartilage tests may be performed in a sliding or rotational configuration, resulting in areas of contact between surfaces under relative motion; such contact areas may be either moving or constant, respectively. While the sliding test configuration models certain aspects of physiological kinematics 21 , the rotational configuration has advantages for examining putative boundary lubricants of articular cartilage at a like interface 16 . In the sliding configuration, with a moving contact area, both fluid film and boundary lubrication are generally operative due to fluid pressurization and exudation, even at relatively slow sliding velocities 22, 23 . In the rotational configuration, ploughing friction losses are minimized because the apposed surfaces remain in contact 24 , and fluid pressure effects are minimal at relatively slow velocities after the initial pressure dissipates. Furthermore, with the use of an annular geometry 16, 25, 26 , the variation in sliding velocity is reduced (due to its proportionality to the radius), as is the time required for fluid depressurization. Using this annulus-on-disk configuration for a cartilageecartilage interface with nasal septal cartilage, Davis et al. showed that synovial fluid (SF) lubricated better than Gey's balanced salt solution 25 . With articular cartilage samples, Malcom and Fung also found that SF lubricated static and dynamically loaded samples, after step loading and partial fluid depressurization, better than phosphate buffered saline (PBS) 16, 26 . Thus, the annulus-on-disk rotational test configuration appears to be advantageous for studying boundary lubrication at an articular cartilage-on-cartilage interface, possibly modulated by SF.
The objectives of this study were to (1) implement and extend an in vitro articular cartilage-on-cartilage annuluson-disk lubrication test to elucidate the dependence of the friction properties on sliding velocity, axial load, and time, and establish conditions where a boundary mode of lubrication is dominant, and (2) determine the effects of SF on boundary lubrication using this test.
Methods

MATERIALS
Skeletally mature adult bovine stifle joints (1e2 years old) were obtained as described previously 27 . Bovine SF was aspirated from synovial joints within 10e15 min of slaughter, visually inspected to ensure no blood contamination, then aliquoted and stored at À80(C for several months before use.
SAMPLE PREPARATION
Osteochondral samples were prepared from the patellofemoral groove from four joints [ Fig. 1(A) ], in a manner similar to that described previously 28 . Osteochondral blocks were isolated first, and then osteochondral samples (n ¼ 16) were cut from the blocks using a low speed drill press with custom stainless steel coring bits, using PBS at 4(C for irrigation. Each sample consisted of an osteochondral core, radius ¼ 6 mm, and an apposed osteochondral annulus (outer radius, R o ¼ 3.2 mm, and inner radius, R i ¼ 1.5 mm), both with central holes (radius ¼ 0.5 mm) drilled down into and exiting the bone to facilitate fluid depressurization [ Fig. 1(B) ]. (Pilot studies indicated that inclusion of these holes reduced the time to attain 50% stress relaxation by w10%.) The cartilage thickness of each core and annulus were then measured with digital calipers at four equally spaced locations around the circumferences and averaged, and the overall cartilage thickness was taken as the sum of the two average thicknesses (3.32 AE 0.30 mm, mean AE SD for all 16 samples). Samples were used without prior freezing to preserve lubrication properties 16 , and bathed in test lubricant, completely immersing Fig. 1(C) ], at 4(C for 24e48 h prior to lubrication testing.
LUBRICATION TEST SETUP
For lubrication testing, the sample core and annulus were placed in apposition, compressed axially, and subjected to relative rotation. Samples were tested in an ELF 3200 (Bose EnduraTEC, Minnetonka, MN) with custom sample fixtures, axial and rotational actuators, an internal sensor for axial displacement (AE6.250 mm range), and sensors for axial load (N ) and torque (t) (with ranges of AE45.0 N, and AE70.0 N mm, respectively). Samples were brought to room temperature, then placed concentrically in the ELF 3200, with the core on the rotational actuator below, and the annulus on the sensors and axial actuator above [ Fig. 1(D) ]. A test lubricant reservoir was formed by circumferentially securing an inert silicon rubber tube around the core and adding w0.5 ml of test lubricant, completely immersing both cartilage test surfaces. The samples were then brought into contact, defined as the axial position half-way between the points of initial and final contact, determined as the positions of maximum and minimum N, respectively, measured during one complete revolution. The sample surfaces were aligned normal to the rotation axis, as judged by the axial distance between the points of initial and final contacts being <0.1 mm (i.e., <4% of the thickness of the apposed articular cartilage). During rotational testing, the change in radial distance between the outer edge of the core and annulus cartilage surfaces was estimated to be 0.0e0.5 mm. Even with the highest value, the contact area during rotation was calculated to change by only w13%, indicating that the contacting areas were approximately constant.
EXPERIMENTAL DESIGN
To determine the test conditions in which boundary lubrication was the dominant mode at the articular cartilage-oncartilage interface, the dependence of frictional properties on post-compression pause durations, compression level, and sliding velocity was examined. Specifically, the effects of stress relaxation duration (T sr , the duration allowed for fluid depressurization after the sample is compressed), compression (1 À L Z , where L Z is the stretch ratio 26 ), effective sliding velocity (v eff ¼ uR eff , where u is the angular frequency, in rad/s, and R eff is the effective radius calculated to be 2
4 mm by integrating the shear stress distribution over the annular contact area 16 ), and pre-sliding duration (T ps , the duration the sample is stationary prior to rotation), on the lubrication properties of articular cartilage were assessed with PBS, and then SF, as lubricant solutions (Fig. 2 ). Samples were first bathed in a small volume (w1 ml) of PBS, and then tested for lubrication properties in PBS. Samples were subsequently bathed in SF, followed by lubrication testing in SF. Due to the potential structural, and therefore functional, alterations of lubricant molecules within SF, protease inhibitors were not included in the test lubricants. Control studies indicated no deterioration of friction properties over the duration of the test period, as friction coefficients (described below) of samples, stored at 4(C, tested in SF (at 1 À L Z ¼ 18% and 24%, with T sr ¼ 60 min, v eff ¼ 0.3 mm/s, and T ps ¼ 120 s) on day 4 were similar to those measured on day 1 (97 AE 8% for m static and 88 AE 9% for Cm kinetic D, n ¼ 4). Preliminary tests also confirmed that testing in PBS then SF did not affect measured values in SF. Mechanical properties appeared to be maintained as well since equilibrium N values (N eq ) attained in the second test lubricant were within w6% of the first. Data were collected at 20 Hz during the v eff ¼ 3 mm/s test revolutions, and 10 Hz for all others.
Effect of stress relaxation
Samples (n ¼ 4) were compressed at a constant rate of 0.002 mm/s to 1 À L Z ¼ 18% of the total cartilage thickness [ Fig. 2(A) ], then tested by rotating þ2 revolutions, immediately followed by À2 reset revolutions at v eff ¼ 0.3 mm/s (which is on the order of that used in other test configurations 29 and has been found to maintain a boundary or mixed Cm kinetic D, defined below, such that the stick-slip process mitigated by boundary lubrication could be observed. Samples were then unloaded and held at 1 À L Z ¼ 0% for 120 min to allow for creep. Samples were then compressed to 1 À L Z ¼ 18% again, and the test sequence was then repeated in the opposite direction of rotation.
Effect of sliding velocity and compression
Samples (n ¼ 4) were compressed to 1 À L Z ¼ 12% of the total cartilage thickness [ Fig. 2 (C)], as described above, Fig. 2(D) ]. The test sequence was then repeated in the opposite direction of rotation. Samples were subsequently compressed at the same rate (0.002 mm/s) to 1 À L Z ¼ 18% and then 24% of the total cartilage thickness and the entire test sequence was repeated at each compression level in both directions of rotation.
Effect of pre-sliding duration
Samples (n ¼ 4) were compressed to 1 À L Z ¼ 18% of the total cartilage thickness at 0.002 mm/s [ Fig. 2(E) ] and allowed to stress relax as described above. The test sequence was initiated in a similar manner as well, except with v eff ¼ 0.3 mm/s. The samples were then tested by rotating þ2 revolutions, immediately followed by À2 reset revolutions with v eff ¼ 0.3 mm/s and T ps ¼ 3600, 1200, 120, 12, and 1.2 s [ Fig. 2(F) ]. The test sequence was then repeated with rotation in the opposite direction.
Role of fluid depressurization during rotation
With SF as the test lubricant, samples (n ¼ 4) were compressed to 1 À L Z ¼ 18% of the total cartilage thickness [ Fig. 2(G) ], and allowed to stress relax as described above. The test sequence was initiated as described above, with v eff ¼ 3 mm/s. After T ps ¼ 120 s, samples were then subjected to þ2.5 revolutions with v eff ¼ 3 mm/s, and finally monitored for another 60 min, to assess possible stress relaxation, indicative of fluid depressurization [ Fig. 2(H) ].
DATA ANALYSIS
To evaluate the lubrication properties of the articular cartilage in test lubricants (PBS and SF), four friction coefficients (m) of the form m ¼ t/(R eff N ) were calculated, where t is torque, N is axial load, and R eff is effective radius, described above. Classical static (m static ) and kinetic (Cm kinetic D) friction coefficients were calculated from the instantaneous m described above. m static was calculated as the peak value of m, just after (within 10() the start of rotation, and Cm kinetic D was calculated from m averaged during the second complete revolution of the test sample. Another static friction coefficient, m static;Neq , was calculated using the peak jtj, also measured within 10( of the start of rotation, and the axial load at the end of the 60 min stress relaxation period, N eq . In all of the above tests except the first (which examined the effect of stress relaxation), another kinetic friction coefficient, Cm kinetic;Neq D, was calculated using the jtj averaged during the second complete revolution of the test sample, and N eq . The values of m static , m static;Neq , Cm kinetic D, and Cm kinetic;Neq D were then averaged for the þ and À revolutions in each test to account for potential directional effects on t measurements. The normal stress (s), in units of MPa, was calculated as jNj/(p[R o 2 À R i 2 ]). The equilibrium stress values (s eq ) were calculated after T sr ¼ 60 min; the peak stress (s peak ) values were calculated from the peak jNj during rotation, and averaged for the þ and À revolutions.
Data are presented as the mean AE S.E.M. Repeated measures analysis of variance (ANOVA) was used to assess the effect of test lubricant, T sr , 1 À L Z , v eff , and T ps on m static , m static;Neq , Cm kinetic D, and Cm kinetic;Neq D. Where there were three factors, and test lubricant had a significant effect, data for each lubricant were analyzed further using a two-factor ANOVA. Statistical analysis was implemented with Systat 10.2 (Systat Software, Inc., Richmond, CA).
Results
LUBRICATION TEST CHARACTERIZATION
The sample preparation and lubrication test setup enabled precise measurements of t and N during the various tests. Typical jtj values ranged from 0.1 to 5 N mm, with transient torque values immediately after the start of the test revolution (corresponding to m static and m static;Neq ) being clearly distinguishable (with the torque sensor precision of AE0.01 N mm) from the steady-state values by the beginning of the second test revolution. Typical jNj values ranged from 1 to 10 N during the test, which were clearly resolved by the axial load sensor (precision of AE0.1 N) with feedback control of the axial displacement (precision of AE0.001 mm). Only the raw data from the þ2 revolutions of the tests are shown subsequently, for brevity, since reduction of data from the À2 revolutions of the tests gave friction coefficients that were similar on average (within 1 AE 14%, mean AE SD) to those determined from the þ2 revolutions.
EFFECT OF STRESS RELAXATION
The jtj [ Fig. 3(A,B) ] and jNj [ Fig. 3(C,D) ] during the 2 test revolutions varied with T sr . In both the PBS and SF test lubricants, jtj and jNj decreased qualitatively as T sr increased from 2 to 7 min. jtj was greater in PBS than SF, while jNj was similar in PBS and SF. The peak jtj [see insets of Friction was modulated by test lubricant and T sr (Fig. 4) . m static varied with test lubricant (being higher in PBS than SF, P < 0.05) and T sr (P < 0.001), with an interaction effect (P < 0.001) [Fig. 4(A) ]. In PBS, m static increased with T sr and ranged from 0.18 to 0.25. In SF, m static averaged 0.11. Similarly, m static;Neq varied with test lubricant (also being higher in PBS than SF, P < 0.05) and T sr (P < 0.001), without an interaction effect (P ¼ 0.06) [Fig. 4(B) ]. However, contrary to m static , m static;Neq decreased with increasing T sr , and ranged from 0.37 to 0.28 in PBS, and 0.21 to 0.11 in SF. Nevertheless, in both PBS and SF, m static and m static;Neq converged to a similar value as T sr / 60 min. Thus, in the subsequent tests where T sr ¼ 60 min, only m static;Neq values are reported since m static values were similar (on average within 5 AE 19%, mean AE SD), due to jN eq j being similar to jNj immediately after the start of rotation. Lastly, Cm kinetic D varied with T sr (P < 0.001), with an interaction effect (P < 0.001) and without an effect of test lubricant (P ¼ 0.07) [Fig. 4(C) ]. Cm kinetic D increased slightly with T sr and was greater in PBS than SF, ranging from 0.065 to 0.096 in PBS, and 0.029 to 0.035 in SF.
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EFFECT OF SLIDING VELOCITY AND COMPRESSION
The jtj [ Fig. 5(A,B) ] and jNj [ Fig. 5(C,D) ] during the 2 test revolutions at 1 À L Z ¼ 18% varied with v eff . In both the PBS and SF test lubricants, jtj and jNj increased qualitatively with v eff . jtj was greater in PBS than SF, while jNj was similar in PBS and SF. The peak jtj [see insets of Fig. 5(A,B) ] dissipated to an approximately steady-state value by 360(, as indicated by the ratio of t 360e720 ( to t 360 ( being Friction was modulated by test lubricant, 1 À L Z , and v eff (Fig. 6) . m static;Neq varied with test lubricant (P < 0.05), 1 À L Z (P < 0.05), and v eff (P < 0.001), with an interaction effect between 1 À L Z and v eff (P < 0.001) [ Fig. 6(A) ]. For tests in PBS, m static;Neq varied with v eff (P < 0.001) and an interaction between 1 À L Z and v eff (P < 0.05). For tests in SF, m static;Neq varied with 1 À L Z , v eff (both P < 0.001), and an interaction effect (P < 0.05). Values of m static;Neq were greater when samples were tested in PBS than when samples were tested in SF, and increased with v eff , ranging from 0.21 to 0.41 in PBS, and 0.074 to 0.28 in SF, at 1 À L Z ¼ 18%. Conversely, m static;Neq decreased with 1 À L Z at every v eff , ranging from 0.23 to 0.28 and 0.10 to 0.16 in PBS and SF, respectively, at v eff ¼ 0.3 mm/s. This variation with increasing 1 À L Z was attributable to an increase in peak jtj that was relatively small compared to the increase in jN eq j.
Cm kinetic D varied markedly with test lubricant (being higher in PBS than SF, P < 0.05) and slightly with 1 À L Z (P < 0.05) but not v eff (P ¼ 0.16), with an interaction effect between test lubricant and 1 À L Z (P < 0.01) [ Fig. 6(B) ]. In PBS, Cm kinetic D varied with 1 À L Z (P < 0.05), increasing from 0.043 to 0.079 at 3 mm/s, and tended to decrease with v eff . In SF, Cm kinetic D varied with v eff (P < 0.01), remaining steady at 0.014 at all 1 À L Z and the lower v eff ¼ 0.1e1 mm/s. Cm kinetic;Neq D varied with test lubricant (P < 0.05) but not significantly with 1 À L Z (P ¼ 0.28) or v eff (P ¼ 0.56), with interaction effects between test lubricant and 1 À L Z (P < 0.001), 1 À L Z and v eff (P < 0.01), and test lubricant, 1 À L Z and v eff (P < 0.001) [ Fig. 6(C) ]. Specifically, in PBS, Cm kinetic;Neq D varied with 1 À L Z (P < 0.01) and an interaction between 1 À L Z and v eff (P < 0.001); in SF, Cm kinetic;Neq D varied with 1 À L Z (P < 0.05) and v eff (P < 0.01). In PBS, Cm kinetic;Neq D was greater than in SF, increased with 1 À L Z only at the larger v eff , ranging from 0.080 to 0.13 at 3 mm/s, and remained steady at 0.090 at all 1 À L Z and the lower v eff ¼ 0.1e1 mm/s. Similarly in SF, Cm kinetic;Neq D remained steady, at all 1 À L Z and the lower v eff ¼ 0.1e1 mm/s, at 0.020. Friction coefficients calculated at the first v eff ¼ 3 mm/s were reproduced with the second v eff ¼ 3 mm/s, reaching values of 100 AE 8%, 92 AE 7%, 100 AE 10%, and 111 AE 13% (mean AE SD) for m static , m static;Neq , Cm kinetic D, and Cm kinetic;Neq D, respectively. Therefore, m static , m static;Neq , Cm kinetic D, and Cm kinetic;Neq D were generally unaffected by the sequence of v eff tested.
EFFECT OF PRE-SLIDING DURATION
The jtj [ Fig. 7(A,B) ] and jNj [ Fig. 7(C,D) ] during the 2 test revolutions varied with T ps . In both the PBS and SF test lubricants, jtj and jNj increased qualitatively with T ps . jtj was (Fig. 8) . m static;Neq varied with test lubricant (P < 0.01) and T ps (P < 0.001), with an interaction effect (P < 0.001) [ Fig. 8(A) ]. Values of m static;Neq were greater in PBS than SF, and increased with T ps , ranging from 0.091 to 0.43 in PBS, and 0.021 to 0.19 in SF. Cm kinetic D varied with test lubricant (P < 0.01) but not T ps (P ¼ 0.87), with no interaction effect (P ¼ 0.37) [Fig. 8(B) ]. Cm kinetic D in PBS, 0.054, was greater than that in SF, 0.012. Cm kinetic;Neq D varied with test lubricant (P < 0.001) and T ps (P < 0.05) with no interaction effect (P ¼ 0.91) [ Fig. 8(C Fig. 9(A) ].
Discussion
The results described here indicate the annulus-on-disk rotational test configuration may be useful for elucidating boundary lubrication at an articular cartilage-on-cartilage interface. At v eff ¼ 0.3 mm/s and 1 À L Z ¼ 18%, m static and Cm kinetic D varied with T sr in PBS, increasing to peak and approximately steady values of 0.25 and 0.096, respectively. In SF, m static remained relatively constant at 0.11, while Cm kinetic D varied with T sr , increasing to a peak value of 0.035. After T sr ¼ 60 min and initial fluid depressurization, in both PBS and SF, m static;Neq was approximately equal to m static (Fig. 4) . Also, at T sr ¼ 60 min, slow v eff (0.1, 0.3 and 1 mm/s), and a range of compression levels (1 À L Z ¼ 18% and 24%), Cm kinetic;Neq D was steady at 0.093 in PBS and 0.018 in SF (Fig. 6) . At various T ps (1e3600 s) between the initial fluid depressurization (T sr ¼ 60 min) and start of torsion, with v eff ¼ 0.3 mm/s and 1 À L Z ¼ 18%, Cm kinetic D and Cm kinetic;Neq D were steady at 0.054 and 0.079 in PBS, and lower at 0.012 and 0.019 in SF, respectively, while m static;Neq (which was similar to m static ) increased with T ps , reaching peak values of 0.43 in PBS, and 0.19 in SF (Fig. 8) . Collectively these results indicate a boundary lubrication mode is operational at a depressurized articular cartilage-on-cartilage interface with v eff ¼ 0.3 mm/s and 1 À L Z ¼ 18% for the annular geometry used here, since Cm kinetic D was relatively invariant with v eff and 1 À L Z , a defining feature of boundary lubrication 15 . The results also indicate SF acts as a boundary lubricant for apposing articular cartilage surfaces. The use of fresh osteochondral fragments in the annuluson-disk rotational test configuration required attention to several experimental and theoretical issues. Samples having a relatively plane cartilage surface, perpendicular to the rotational axis, were verified during test setup by the small axial distance (<0.1 mm, or 4% of the thickness of the apposed articular cartilage) between the initial and final points of contact between the annulus and core (as assessed by jNj during one complete revolution). Cartilage consolidation has been measured to be w7% in vivo by comparison of magnetic resonance imaging (MRI) scans taken before and shortly after various types of exercise 32 . Levels of compression slightly higher than these physiological were used here to ensure full and consistent contact. The resulting tissue surface conformation, due to the depth-varying intrinsic material properties of articular cartilage 33, 34 , may have circumvented the need for a gimbaled joint, which is desirable when testing synthetic surfaces 35 to avoid the generation of a fluid wedge. The consistency of friction coefficients calculated from tests over a range of compression amplitudes (12e24%) suggests that the values at the 18% levels of 1 À L Z are physiologically relevant. Potential directional effects on t measurements were accounted for by averaging the þ and À test revolutions and resulted in moderately low variability in m, both within (coefficient of variation (CV) 14e21%) and between animals (CV 19e30%), at 1 À L z ¼ 18%, T sr ¼ 60 min, v eff ¼ 0.3 mm/s, and T ps ¼ 120 s. Therefore, with attention to test sample preparation, and subsequent characterization of friction properties, fresh osteochondral samples from non-apposing locations within the synovial joint, can be tested in vitro to analyze boundary lubrication at articulating cartilage surfaces.
The cyclical nature of the jNj during rotation (after initial fluid depressurization following axial compression), and the effects of rotation on jtj appeared to be explained predominantly by fluid pressurization during rotation, based on experimental and theoretical considerations. Indeed, a similar velocity dependent normal stress was observed when articular cartilage was rotated against a steel surface 19 , suggesting that the effect was not due to the fact that both apposed surfaces were articular cartilage. The authors proposed that this effect resulted from steady flow of fluid through the porous permeable solid matrix of cartilage, and possibly from the charged nature of the tissue matrix. In the present study, when rotation was halted, jNj relaxed to jN eq j with a time constant characteristic of fluid depressurization [ Fig. 9(A,E) ]. Indeed, the extent of fluid pressurization may be represented by the difference between values of s peak and s eq . During this time, jtj oscillated, but with an average value during the second test revolution that was virtually unaffected (verified by the ratio of t 360e720 ( to t 360 ( being 95 AE 10% (mean AE SD)). This is further supported by Cm kinetic;Neq D being unaffected by v eff at higher compression [1 À L Z ¼ 18%, used in most experiments, and 24%, Fig. 6 The results obtained here are consistent with and extend the earlier studies of Davis 25, 35 and Malcom and Fung 16, 26 . In Davis' studies, bovine SF lubricated planed nasal septal cartilage surfaces better than Gey's balanced salt solution Cm kinetic D at an articular cartilage-on-cartilage interface during creep, rather than stress relaxation (Fig. 4) (Fig. 6) . This supports the assertion that the annulus-on-disk rotational configuration is amenable to boundary lubrication of articular cartilage as well. The effect of T ps on m static , but not Cm kinetic D, was also observed, as in the present study (Fig. 8) , with m static ranging from w0.01 to 0.1 in PBS, and 0.005 to 0.015 in SF, for T ps ¼ 0e8 min at v eff ¼ w4 mm/s. Direct comparison of m values is again difficult due to differences in loading protocols, and the duration of rotation and fluid depressurization. The values for Cm kinetic D reported by Malcom and Fung are approximately 10-fold less than those reported here at similar test parameters, which may be due to continuous rotation during the relatively short time allowed for creep (12 min), since the shear force was shown to increase with time and continuous rotation may 'align' boundary lubricating molecules at the surface. Therefore, the lubrication test configuration developed here is a modified version of that developed by Davis and by Malcom and Fung, with expanded test protocols and characterization.
The effect of fluid pressurization within cartilage on m is consistent with and extends several studies as well. Wang and Ateshian 19 observed that the normal stress under a prescribed infinitesimal compressive strain increased with increasing sliding velocity, similar to that found in the present study (Fig. 5 , and in pilot studies with an articular cartilageepolysulfone interface, data not shown), using a plate on plate geometry within a rotational friction apparatus. Krishnan et al. 17 demonstrated a negative correlation between the temporal variations of the effective friction coefficient (m Eff ) of cartilage with the interstitial load support using a reciprocating friction apparatus (v ¼ 1 mm/s) articulating cartilage against glass. Using previously frozen samples, PBS as a test lubricant, and a prescribed load of 4.5 N (s ¼ 0.16 MPa for the sample geometry), m Eff ¼ w0.25 was reported after fluid depressurization, more than double compared to the values reported for the corresponding Cm kinetic D and Cm kinetic;Neq D at v eff ¼ 1 mm/s, and 1 À L Z ¼ 24% [ Fig. 6(B,C) ]. However, in a subsequent study using fresh cartilage samples and the same friction apparatus to assess the role of the superficial zone of articular cartilage when articulated against glass, lower values for m Eff ¼ w0.15 after fluid depressurization were reported 36 , which are in agreement with values reported for fresh samples here (m was not determined in SF in either of these studies). The diminished effect of T sr , and hence fluid depressurization, on the frictional properties of articular cartilage in SF compared to PBS (Fig. 4 ) may be indicative of lubricant molecules interacting with the articular cartilage surface and modulating the frictional response. The time dependence of the friction properties of cartilage has also been observed in a reciprocating motion friction test using cartilage-on-metal contacts, although the absolute values of m were much greater 7 . The boundary lubricating ability of SF demonstrated here is consistent with several other studies using various friction apparatuses and test surfaces. Jones originally measured m of cartilage against cartilage, at very slow rubbing speeds using a horse stifle joint, to be 0.02 in SF 37 . Charnley repeated Jones' experiments using a similar apparatus, and found very low m ¼ 0.005e0.024 38 . However, other studies of that era indicated that SF had very little lubricating ability between non-cartilaginous surfaces 37, 39 . Linn 15 reported similarly low levels of m ¼ 0.004 using bovine SF in excised dog ankle joints using an arthrotripsometer. Using a gimbaled annulus-on-disk rotational test configuration, Davis et al. showed bovine SF enhanced boundary lubrication between specific synthetic surfaces, latex on glass, resulting in a m ¼ w0.021 25 . More recently, Jay et al. reported healthy bovine and human SF to have a m ¼ 0.019e 0.028 40, 41 and m ¼ w0.025 42 , respectively, under boundary lubricating conditions. Even though a wide range of m values are reported in tests using intact joints, likely due to the complex articular cartilage-on-cartilage interaction, the historical values obtained by Jones in the stifle joint and the upper limit of Charnley's are consistent with those obtained here m w 0.02 (Fig. 6) . It remains unclear if the physiological molecular structure, and interactions, of boundary lubricants between articular cartilage surfaces are recapitulated with asymmetric synthetic test surfaces, such as latex and glass 25 . Nevertheless, the agreement with m values obtained here using articular surfaces in a similar test configuration suggests specific synthetic surfaces are useful for studying putative physiological boundary lubricants as well.
The dependency of m static;Neq on T ps , and other test parameters, is consistent with and extends studies by Forster and Fisher 6 . They demonstrated the stationary loading time dependence of the start-up friction coefficient, with m values in bovine SF at an articular cartilage-on-cartilage interface ranging from w0.02 to 0.25 with increasing loading time from 5 s to 45 min under a mixed lubrication regime (s ¼ 0.5e4 MPa and v ¼ 4 mm/s) using a sliding friction machine. Although fluid pressure effects may have been present immediately after start-up due to the linear nature of the system with the cartilage plug sliding along a previously unloaded and therefore fully hydrated cartilage surface, the start-up friction coefficient values are consistent with m static;Neq found here at a slower v eff ¼ 0.3 mm/s ranging from 0.02 to 0.19 [ Fig. 8(A) ]. Interestingly, they also demonstrated the ability of bovine SF to reduce start-up friction at a cartilage-on-cartilage interface was lost at a cartilage-onmetal interface. Finally, the inverse dependence of m static;Neq on 1 À L Z in both lubricants [ Fig. 6(A) ] may be indicative of restrained surface tissue shear at start-up, and potentially chondrocyte protection from wear and mechanical disturbances in vivo.
The paradigm of several operational lubrication modes during cartilage articulation within the synovial joint 5 has long been generally accepted. Recently, the natural lubricant constituents in SF such as proteins, lipids, and hyaluronic acid were proposed to act synergistically in the synovial joint through adaptive multimode lubrication 43 . Dowson stated that a full appreciation of the tribological performance of joints can be achieved only when it is known whether the mode of lubrication is fluid film, boundary or mixed, and, that previous attempts to ascribe a single mode of lubrication to synovial joints have undoubtedly delayed the emergence of a satisfactory overall picture of the performance of nature's bearing 11 . Although the various friction properties of articular cartilage characterized in this study have been previously demonstrated, the wide range of reported m values indicates the need for careful characterization of the test setup, sample surface, preparation and storage, and resulting measurements in control type lubricants to identify the operating lubrication mode. Only then can quantitative, mechanistic statements be made about the boundary lubricating properties of cartilage within synovial joints. Therefore, this test configuration, particularly with parameters of v eff ¼ 0.3 mm/s and 1 À L Z ¼ 18%, after fluid depressurization, is useful for defining the lubrication properties of putative fluid lubricants; it may also allow elucidation of the components of SF that function, independently, additively, or synergistically, as boundary lubricants 15,29,44e47 through potentially specific interactions with native articular cartilage surfaces.
